
. -.

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

TECHNICAL NOTE ..

No. 1330

L/UN161947

EFFECT OF CRITICAL MACH NUMBER AND FLUTTER ON –

MAXIMUM POWER LOADING OF DUCTED FANS
qg?m

By Arthur A. Regie$, John G. Barmby, and Harvey H. Hubbard

Memorial Aeronautical Laboratory
Langley Field, Va.

Washington

June 1947

3

—--——. — _

—



- .= .. ..—.. . .. .. .. . . . .. ... —. —-—

.

ERRATUM

EFFEOT OF CRCPZCAL MACH NUMBER AND FLUTTER ON
MAXIMUM POWER LOADING OF DUCTED FJ?IW
By Arthur A. hegier, John G. Barmby,

and Harvey E. Hubbaxd
.

June 1947

Sublegende (a), (b), (o), and (d) of figtme 30: Change
“fan C (lower mrface )‘1to “fan B (lower eurf’aoe).”

.— —— ——. —-- -——-.—----. ----—---

&

L
———

“’-”*..



.

w.

u

.

●

☛

By

NATIONAL .!lDVTSORyCOMMITTEE FOR AERONAUI!ICS

——

mKmncAL m’m No. 1330

EEEECT OF CRITICAL MACH NUMBER AND F&?X’ER ON

MAXIMUM POWER LOADING OF DIK!TEJlFANS

Arthur A. Regier, John G. Barmby, and Harvey H. Eubbezzd

Flutter tests were tie
which had conventional Clark

Eicm’L!!

of tyo wind-tunnel-fen models, one of
Y airfoil sections snd the other of

:--- ... . .

——.. -

which had high-csmber blade sections. The results Qf the tists
confirm the stall-flutter theory which predicts much higher flutter
speeds at the high lift coefficients ~or the high-camWr Wades.
The high-ember bladeE could, therefore, be operated at much
higher power loading than could the low-camber blei!.es.Aero@mamic
data of these tests indicated little clifference in efficiency for
the two fans but somewhat higher ms+um lift coefficient for the
high-camber fan. The efficiency of the fans decreased sfter the “
velocity,as calculated by two-dimensional theory,exceeded tJiQ“speed

of’sound on the upper %lade surface.

An analysis is made of the factors that detarmfne the power
loading of a fan blade section’. Graphs are presented which give
the maxlmm power loading for idealized,sections of various
thiclaleas ratios operatin~ at the critical.Mach n~ber.

-. —.

Exemples.show that the ideal OY design lift coefficient of
an airfoil is ahmst the eems as the lift coefficient giving the
mmdmmm flutter speed. It is therefore desirable that a section
be o?)eratedat the ideal lift in crder to obtain hixh critical suee~s
as w;ll as the mximum margin of safe%

INTRODUCTION

An important problem in the design
wind-tunnel fens and axial compressors,

with r6&pec; to flutter.=

of ducted fans, euch as
is the absorption of mmimum

* power at high efficiency without blade-failure. The-present paper
is concerned with two of the factors which may limit the power
loading of fans. These factcrs are the flutter speed and the

“ critical Mach nuuber of the blade section.
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The fluttsr speed.Is shmm in reference 1 to depend on the
lift coefficient of the blade. For operation at high lift coei’fi-
cients, theory shows that the flutter speed cen be increased by
proyerly cambering Iiheblade section. In order to check this
theory, a mcilelfan having hi@-caber blades was built and
tasted and the results were compared with those for a fan having
ClarlcY airfoil sections. The results of these tests are roportod
in the present paper.

In order to determine to what extent high lift coefficients
can be used to advantage, em analysis is made in which the critical
Mach numbers of the blade sections are taken into consideration.
Relatfons for the power loading and the pressure rise are obtainod,
and the msximum power loading per @-t Wads erea is given for
idealized airfoil sections of different thiclmess ratios o~ratlng at
the critical Mach number. The analysis applies only ta a blade
elem9nt operatlnfjat ideal conditions and, therefore, cannot
be directly applied to the performance of the entire blade. The
analysis serves, however, to
an upper llmit b the useful
section critical Mach number
limitin~ speed for efficient
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SYMBOIS

of stream, feet yer second

per cubic foot

resultant velocity at blade section, feet per second

chord, feet

blade area,’square feet

Mach number

helical tip Mach nm%er

speed of sound in air, fee% per second .

power, foot pounds per seccmd

power loading yer unit blade area, horsepower per squazw foot
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lift coefficient

geomtric

radius to

propeller

number of

solidity

helix axgle, dsgrees

propeller section, feet

ttp radius, feet

blades

pressure coefficient

slope of lift C1.zrve

pitching-momnt coefficient about quar%r-chord point

distance along x-axis, chords

distance along y-axis, chqrds

location of oent..srof gravity as measured from
edge, chords

lift coefficient for ideal no-twist condition

untwisted or desi~ value of lift coefficient

dynemic pressure of operating speed, pounds per

)
foot f’1@

\&l .

f3qufu%3

tcrsional stiffmss of blade, foot-pound per radian

she~ modulus of elastici~, pounds per sqwe foot

torsion modulus of’section, feet4

thiclmess of section, feet

representati=relength of bl~e, feet

quantity rata of flow thrcm~h fan, cubic feet per secoti

pressure rise throu@ fan, pounds per squsre foot

calculated classical-flutter tip Mach number

3
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mexi.mummeam,mxi flutter tip Mach nd)~i+

minimum neasured stall-fluttbr tip Mack nurolmr

section angle of attaclc,de~ees .

%lade angle at radius r, de~e-ea

angulex velocity of

efficiency

rotational-velocity

Subscripts:

u umtwisteal

cr critical

I ideal

div diver~ence speed

f flutter speed

i incompressible

propeller, radians per second

interference factor

.-

M conditions at critical Mach number

max maximum

o etandard conditions

THEOZWTICAL ANA127X03

Relations for Power I&ding snd.Pressure Rise

The following analysis is based on simplo blade-element theory
and neglects the drag forces and the chan~ of density of the fluid
pa~si~~ through the fan. The quantities considered are shown in
figure 1. The useful power is &iven by tb product of the thrust T
and the axial velocity V.

.
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For an elemnti of blade radius dr the relations for the
power are as follows:

a?=VdT =Vacos$

where

dL =~Pw2cLc itr

V=w sing

Therefore,

Since

cdr=dA
●

(1)

The quantity W /dA is the power loeJ3inbper unit blade area.
When the resultant blade-element velocity W is expressed in
terms of Mach number l.iand spee~ of sound a, equation [1) nay
be mitten

. (2)

If the geometric helix angle # Is 45°, the pwsr loading @r unit _
blade srea is a mmximum; that is,
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(3)

A convenient expression for the maximum power lotiing per unit
blade area pA_ expressed in horsepower per ~qume foot for air

at standard conditions is

‘%ax‘

=

Equation (4) may he written in a mol’e~~ral form for any density
and.speed of eound as

(4)

(5)
.

An expressicm for.the pressure rice may be obtained by equating
the thrust of the fan t&e.deelenents to tl~eproduct of ttimpressure
rise AT times the area through which the b.1.adeelemontn sweep.
Thus, for a ~an having a given number cf Mates B and a blade-
element radius dr

*

where PO refers to density of air at standard condition and

ao) to speed of sound in air at s&xlard conditions,

B dT = Ap2firdr

B dTA2=—
2firdr

—

ar dr

.

m
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Since

7

Bca

2SU’=

Or, interms of M end a,

..

AP = $CLM2a2a COE @

(6)

(7)”

It may be noted that the maximum value of Ap occurs when ~
is OO;whereas the maximuM value Of PA 0CGW6 when @ is 45°.

Maximum Power Loading as Limited

by Critical Mach Nuuiber

E uation (3) shows that the power loading is prqorthnal
3to ~M . Increasing the lift coefficient generally dec~eases the

crittcal Mach number. The problem is therefore to find the value
of c

%
and the associated section critical Mach numiber IQr such

that the product of C cr3 is a maximw. In the present analysis
w

the critical Mach nunber of the blade section is assumed to be the
upper limit of efficient operation.

Idealized sections.- Max. A. Heaslet of the Ames Aeronautical.

Idoratory of tileNACA has shown the relation between crit~cal Mach
number and lift coefficient for various airfoils. As’s limiting
case an idealized section with elliptical thickness distribution
was used; this section carried lift with a fla’%-toplift distribution
in which om+half of the lift was considered to act on the lower
surface and oneddf, on the upper Wzrface. Such an idealized section
has been used in the present paper to evaluate the quantity C cr3

@
for various thickness ratios.
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The mthod used for calculating the critical=speed of .an
airfoil at a given lift coefficient consists of l?irstcalculating
the potential two-dimensioti. pressura distribution. (See references
to 4.) The peak ne~tlve pressure is tlmn corrected for compressi-
bility, and the stream Mach number is found at which the local Mach
number 5.sunity. The lift coefficient for incompressible flow is
then corrected for compressibility to this strem Mach n~bcjr. This
lift coefficient is desi&nated C% snd the correeyonding stream

Mach number is desi~ted Mcr. For siL~pliclty

loth the peak pressure.coefficient and the lift
been corrected in the yresent paper %y maas of
factor as follows:

cLic~l= ——-——.—...
II1- ~.4&

and consistency

coefficient have
the Prandtl+lauert

2

—.
1

-,

.

In figure 2 the values of Cl#&3 and ,mxirfiumpower loading

‘%lax(hp/sq i%) are plotted ae~nst CTM for the family of

hypothetical idealized airfoil sections. LineS of constent critical
Mach number are also shown. The figure shows that for these
idealized airfoil sections, tne power loadi~ becomes ~eater for
the higher liftmcoefficients. For example, a g-percent-thick afrfoil
section operating at C% = 0.3 has a critical Mach nu??berof O.&

- a power loadin~ of 225 horsepower per square foot. A section
of the mm thickness.operati~ at CIM = 1.05 has a critical

Mach number of 0.7 and a power loadi~. of 5@ horsepower ~r
square foot. The msxiznm power loading occur~ at the highest lift
cmfficient at w-hichthe.secticm operates. If the curves were
extended far enough, 3 butthey would have maximum values Of Chl&r ,

the curves were calculated only tv a value of 1.6 for C& since

this value .alreadyis hi~~er than that normally olkalned ;n practice. B

Figure 2 also shGws the edvsmtage of using thin airfoil sections
to absorb higher power. The power.loading at C% = 0.8 is 516horse- “’
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power per square foot for a &percen&.thick airfoil section and
390 horsepower per square foot for a l>percent+hick airfoil
section. This conclusion regarding the effect of thiclnmss applies
only for airfoils operating at the design lift coefficient. -
Because of high peak pressures at other than the design lift coeffi-
cient, the thin airfoil sections may not have the advantage shown
by figure 2.

Conventional airfoil sections.-As pointed out ly Eeaslet the

idealized sections are not practical airfoils, chief’lybecautsethe
. elliptical thictiess distribution would cause flow separation on

the afterbody; thus, high drag would result. The idealized section
of a given thicbess ratio, furthermore, represents a different shape
airfoil for each lift coefficient. Thus, the curves in figure 2
for &percent thickness represent not one airfoil shape but en
infinite nuuiberof airfoil shapes of &percent thtcknese. ~ order
to determine how near conventional.airfoils approach the Idealized
section in critical Mach nuniberand power loading, three conventional
airfoils are c,pmparedwith the idealized,sections of the same thickness.

The three conventional airfotls are a C1.a&kY airfoil section
having 11.7-percent thickness ad 3.>percent caiber, a ClarkYM
airfoil section with the seinethickness distribution but with
9-percent camber, end an lW2A 16-series airfoil of 12-percent
thiclmem, ~.>percent ceaiber,emia desQn lift of 1.0. The airfoil
shapes are shown in figure 3. The coordinates of the first and second
airfoile are given in reference 3 and the coordhates of the last
airfoil ere in reference 4.

The critical Machnumber as determined theoretically is plotted
in figure 4 for the conventional airfoils and the 12-percenl+tlnfck
idealized airfoil. The critical Mach nmber for the idealized-airfoil
curve decreases with en increase tn lift coefficient. Each conventional
airfoil is seen to approach the curve of the idealized airfoil over
a certeln range of C .

k
This favorable range coincides approxi~tely

with the design or Ideal lift of the particular airfoil. At low
values of the llft coefficient the critical Mach numbers may be low
because of We high velocity at the front lower surface of the
airfoil.

l%nzre 5 Rives the maximum ~ower
The powe; loa-M&s
only at the higher

for the hi.gh-c~ber
lift coefficients.

loading for the same airfoils,
airfoils become favorable
At the high lift coefficients
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the high-camber sections have hig??orpcwer luadinw %han tho luw-
camber section. Some d,cmbtexiets; imwovcr, as to t.homaxlmn lift
coefficient that can he u~ed fn practice wiIihoutreparation cf flow
resultidg in low efficiency.

The ded.~ of the whole W.de for a @ven operatfig condition in
beycnd the scope of the present paper. If the entire area of a
propeller or fan blade is considered, the avera@ power l.oadi~ is
Imch lower than the maximum yower loadi~ which refers on& to the
loading of au isdated”blade section cperating at itc+critical
speed. This difference occurs beoa.zsethe inboard sections are
operating at much lower stream Niachnumbers emd bocauss the hellx
angle varies along the blade. The average power loadtng is yrobably
increaeed by reducing the tip lift coefficient and Increasing tie
tip Mach n~ber;
is increased.

Maximum

thereby, ti; ywer l@ding of the inboard

Power Loadl.ngas Limitai >y Flutter Speed

Flutter Is a sel&-excited oscillation cf a body caused by enm?gy
absorbed frm the air stream. This oscf~tton is usually very vfolent ~
and dostructivs’.“The two principal types of flutter .ereclzwaical
flutter and stall flutter. Classical flutter is en oscillatx.~ry
instability of an airfoil operating in a potential.flow. Iiirjeneral,
such flutter requires at least-two coupled &@eos of freedgm, such w

as bending and torsion. Stall fluttir is cm.med by separation of
flow arid.occurs on airfoils operating near or in the stall condition
of flow. This type of flutter requires only one degree of freedom,
usually torsion, and is generally attributed to tie hysterosie In
the lift curve neax stall.

In reference 1 the classical flutter spsad and the dlvor~nce
speed.aro shown to be almost the same for prn_pcllerstid fans. A
desi~ suffici~ntly rigid to preclude diver~nce is usklly sd?e
against d.as.sicalflutter. The aerodynmdc moment may however
appreciably twist the blade at much lower speedo. This twistn.ng=y
change the anglo of attack eufi’icientlyto cause stall flutter.

~ reference 1 the stall flutter was seen to occur on a conventional
Clark Y airfoil seotion when the blade twistad sufficiently to
inc~ue the lift coeffi~i~nt to &bo~t CL = ~.@. ~is ~d.ue cannot

he taken as an absolute Mmj,t since the B&I.1 characteristic d,epetis
on Re~olds number, Mach num%er, and type of airfoil. No aerodaymmic
twistin~ moiint would be present cm the llade if the aerodynamic
center of pressure of the bkade section coincided with the center or
&ravity of the section (reference 1). For this condition the Klade
does not twist until the diver&ence speed is reached. The relation
for this lift coefficient or no twist is gives In reference 1 as

v
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%/4C%l = . .——

%.g. -$

where

%Z}4 pitching-~nt coefficient-about quaktsr-chcrd point

%.g. location of center of gravity as measured from leading
chords

IL ““

(8)

If the lift coefficient is greater than. C&l, the airfoil flutters

at reduced #peed with positive stall; if the-lift coefficient is lees
than ~ul, flctter occurs at reduced speed with negative stall.

In either case, the msxtmum power that the %lade absorbs xcurs wlien
tineblade is operattig at its lift coefficient of no twist

C&T” “
.A

l!hefolluwing equations, based on equations from reference 1,
have been used to calculate the lift coefficient at fluttcm speed
for any value of

c%:

where

CL lift coefficient

c% untwisted or deQign value of lift coefficient

.%q
lift coefficient for ideal nc-twist condition

(9)

(lo)
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@m equation (1) the power load@g
tO W%!L. Si.nco

a given value of

Figure ~(a) gives
for the condition

are celculatsd by
occurs when ~ =

do not flutter at

NACA TN No. 1330

is seen @ be proportional
I’#, the power loadi or

Y[

()

2
qdfv i$ therefore prOYOrtiC)~ to CT,~- .

%iiv
the relative maximum power loading at flutter speed.
that C% is greater than C% . The Wrve$

I
use cf equation (10) ;n the assumption that i?luttor
140.As was poimted out previousl~, all eirfolls

exact~ CL S 1.(). The uee in this analysia of

this value for CL au the lift coefficient at which flutter occurs

is for purpose~ of estimating the val”iationof power losiiinefor
VaTiOW”-VaiLl.eSOf KU and ‘CLU ;

I

decreases with increased speed and the
off very rapidly as C% diffem from

—

operating lift coefficient

maximum power does not occur at the IWtter-speed but at smm point
below the flutter spsed. The maximum power loed.ingl’orvarious
values of CLu is plotted in figure 6(L). The curves in this

ifigure were ob ainedby Waphicalnmthodo and uso of equation (9).

Fi~e 6(a) shows that if a blade section havin~ a value of

C%l
‘=0.4 is operat@d ot C%= 0.8 the blade ab~crbs o~ 0.2 of

the Tower it would ab~orh if itwera operatmd at c% = o~4. WWe 6(11)

shows that if the blade section hsmin~ a value of
crJ~l

= 0.4 wure

operated at C
%.1

= 0.2 the Wade absorbs only 0.02 of the mower it

absorbs when operated at C% = 0.4. ThiEIexample illustrates that

for a blade to absorb maximum power, %* uhould equal CI+ and.,

if a deviation exists, the value of ~u shouldbe greater than C%
I

rathetithan smaller. These conditions are in llno with standard
yractice,

The dynamic presmre of divergence speed ~iv is that premnme

at which the aercidynamic-rriomentstiffness of the Wade equals the
torsional stiffness at the Made cnd may be obtained from vilmation
date ae indicated in references 1 and 5. i?eference1 @ves an
expression fur the divergence speed in tenas of thm torsional
stiffness of the blade as follows:

,

.

.

.

.;

I

—

“
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KQfT = —,
LC2 ‘+ (xc.$. ‘~~,.

(11.)

where

L representative

c chord, feet

length of blade, feet

%.8. location of center of gravity as m3asured from leading
ed~ , chords

K torsional stiffness of blade, foot-pound per r*an

The torsional stiffmss K is proportional to ~ where G is

the sheer modulus of el.ast~cityof the material em.d J is the torsion -
modulus of the section. For thin sections, J is ayproximataly

proportional ti t3c where t is the thicbess of the section.
Equation (lJ.)may be written

(1.2)

Equation (I-2)shows that Qdiv varies directly as the shear

modulus of the material, as the cube of the’thickness ratio, wM. as
the sqwe of the chord-length ratio and varies inversely as the
distance of the section center of gravity from the quarter-chord
position. For example, if the blade thickness is Zncreased from

6 percent to l? yercent, qdiv is increased by a factor of (3)
1- 3

or 15.6. lf a blade is made with a sufficien~ly large thickness
ratio or sufficiently large chord-length ratio, the ~lutter problem
can be elin.in.atedentirely. This increase of ratios, hmever, is
done a-tthe expense of more weight or of poor &ro@smic character-
istics and lower critical speeds.

The stall-flutter speed expressed in terms Or dynamic pressure
may be obtained fr& equation (10) on the assumption that flutter
occurs at a given lift cmfficient ~. The equation is

.. .—

.
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(~3)

For posi,tivestall

equals c~l , the term

its maximum value. +
flutter speed. By proper desi~ of the chordwlse load distribution,

c%.
may l)emade identical to the ideal or design lift coeffi.clont

in the parentheses equals unity, which is

deviation from this condition reduced the

of ;he blade section. The ideal lift corresponds ta t!lelift at the
ideal.angle of attackj which is defined as the =@e’at which the
front stagnation point is at the leadin~ edge of the airi%il. If
the section is operated at this ideal lift, the hi&hest crttical
s-peedand best flow conditions are obtained for that oprating
condition. (See reference 6.)

For the homogeneous conventional airfoil sections conaitirod
in the present paper, c% is almost equal to C

%
. Tcble I

@ves the value~ of
c%.

and CIT for the Lkr?eeairfoil sections pre-

.

viously discussed. The %lues of C
%1

are calculated by equation (8). ‘

The values of
c% /4

and C
%

were

calculations. As semi from table 1,

has no disadvan%a~s since CL and
I

The value of qtiv that shoulfi

application. In general, a very high value of qdiv @ves a

stiffer blade having a longer operating life, particularly in
applications wi~erevibration ia severe. A high value of WV

obtai-nedfrom potential

operating the airfoils at
% 3.

CT are almost the mm~.
-’u~

be used depends on the

is.also necessary where the operati~ conditions vary widely, that
is, where the value of ~, veries over wide limits. Equation (13)

shows that for such condit~cms qf may be only a small frection

of qdiv* In some wind-tunnel fans and axial-flaw compressors,

however, the
coefficients
blade having

appears that

operating condition with reopect to the blade l~”t
does not vary appreciably. In such cases a llghtar
a lower value of ~iv may le success??ullyused. It

the nest economical and efficient design would be one

m
II



s

in which C
k.

of the blade were equal to the minim operating

lift coeffi.ci~nt~or msxhum speed. In general, such a design gives ‘
the hi~st critical speed,as well.as.the @es.test flutter sslety
margin-for a given valti of

EXPENMENI!AL STUDIES

Equipment

%Liv-‘ -

OF FAN FLWTTER AT HIGH

sm.dTest Procedure

Wind-tunnel-fan models were tested in the same

.

IloAmm

open-return
tunnel used 2032the tests of reference 1. A diagrsmatic sketch of’
the test setup .iS shown in figure 7. Tha blade tips were illuminated

I

hy stroboscopic light and observed in operation by me-ensof d
window in the tunnel wall. The blade load and Cq of ~~e ~=
were varied by means of slats in the tunnel exit. These slata
change tinetunnel velocity aid.there%y chsne the angls of attack
of the fan blades.

The fans are made of lsminated Sitka spruce and have a s~ecific
@?avity of about 0.5 and a disiwter of 45 inches. Blade-form curves
for the fans tgsted are shown in figure 8. T@ fems are as fO11OWS:

Fan A <s a six-blade fan having convention+ Clark Y airfoil
sections. This fen is the sam as the fan”designated in reference 1
as propeller A.

Fan B is a four-blede fsn having Clark YM airfoil sections of
9-percent cember. This fan has the senm blade dimnstong and lift
distribution along the blade as fan A. Fan B is.also operated as
a six-blade fsn to obbin some fluttir points at low lift coefficients.
All data reported are taken for the four-blade f’= except one daimxp
po~nt at ~ = 0.4 in figure 9.

Fan C is the sam four-blade high-ca@er fan as fan B but with
the difference that one blade was weakened by cutting out-psrt”of the
spruce and inlayl~ a balsa insert. The cut-out was necessary to
weaken the blede in order ‘to obtain flutter over a wide ran~ of Ch.

The flutter speeds of fm C refer only to the flutter of the weakened .
blade. Cutting and ,inlayingthe blade warped the llade suffici.ently
to give it shout IL-percent caiber. The value of- C~l for this

section is therefore not the scam as that given in table I for the
9-percent-csniberClark YM airfoil section.
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Results

Ccmgm?ative measurements were made with the six-blade fan A
and the four-blade fan B to de’kmmine the fl.utterch&racteristics,
maximum power loading, maximum lift coefficient, and efficiency of
the two fans. The power loadin& is expressed in terms of horso”
power per sqy.srefoot. Each ?ila.dehas an area o: alout 1/4 square
foot.

The re~~tsof these ~~t~ IXLW @venin fi~~es 10(a) to 1O(C).
The efficiency Is defined as the useful power divided 5Y the motor
output as meamred k~ a 6train-gage @wmmmete~’. The yower is tile

1

intewal of dQ Ap, where Q is the quantity rateaf air flow ~rJu@L

the fan and A-p is the ywssure rise throu@ the fan.‘ The absoluta
values of thbse messuzements saw not ~i~ good, but tha sane
syste,mattcerrors apply ‘toboth fems; consequently, the ef’:iciencies
should be useful ofiy for comparison purposes. ‘T?flei’snlosses ma
due to the drag of the airfoil sections and the rotational ener&y
loss. Since the atrfoil sections were small and rou@ (mximum
Reynolds mmbr of 1,000,000), the section drag losses were pmbakl.y
higher than for full-scale fans. Ihwm the consideration of efficiency~
there seems to 1s little choice betwe”enthe two fcma.

.

The hat coefficients are given.for the 0.9 radius. The lift
coefficients are obtained from total-pressuremeasuremmts taken
beh~.ndthe fans and b~ use of equation (6). The rotatiorti-
velocity interference factor a‘ is I.OWfor the tip section of
the fans tested. Thiu factor wes theretcre ne~lected in the
determination of W for the calculation of the lift coefficimt
(a’ =0).

Since the model Reynqlds numbers wore small and the zodgls wero
rou@, the me.ximumlift coefficients are probably less than would be
obtained with larger Reynolds numbers and ~i~dh~r mqdels. Fan A,
having a conventional Clark Y airfoil section, gave m-urn lift
coefficients of O.8 at the 0.9 radius and of O.9 on some of the
inboard sections. Fan B, having the 9-percent-camberClark YM
airfoil sections, @.ve~iuum l~~t coefficients of about 1.0 at
the O.9 radius snd of 1.4 at sore of the i.nborcrdsections. Although
tho higher-amber fan does give somewhat higher maxinum lifts,
these high lifts are obtained at some lossea ti efficj.ency. TM
prediction of how much lift would he carried %y fans opmatin~ at
high Re~olds num~rs, without separation of flow occurring with
a resulting loss of efficiency,is dif’ticult-b~ca-iseof some Uncertainty ~
Gf the effeet of Reynolds number on the EE@.mum lift.

The blade-tiy twieting aEIa function of the lift coefficient
for constant fan speed is given for fen 3 in figure 2.1.‘ The Iif% ‘ w

n
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coefficient is given for the 0.9 radius and is calculated from total
pressure masuremmts as previously discussed. Tha ~~st at the
tip was observed by means of a stroboscope end was measured with
a protractor cn a telescopa. Figure 11 shows that for constant
operating speed the kd.adetwist- deformation tncreases the @e
of attack at the hi@ lift coefficients and decreases ‘tilee@l.e of
attack at the low lift coefficients. Note that a lfft coefficient
exists for which the blade ttist is zero. This value of CL is %Y

definition the experimental lift coefficient of no twist ~

The value ol c

u~ “

Lul
for fan B is approximately 0.8 (fig. U.). Th3.s

valus is less than the theoretical value,1.16, for the Clark YM
afrfoil section given in tible 1. This discrdpency is believed to
be due to section bcundmy-layer effects. The experimental value

C%lI
for fan A is given in reference .1es 0.37.Although fan B

has en experinnntal value of less than that predicted frwcql ,

theory, the experimental value of
%1

is about twice that for

of

fan A. A fen with the same section as fan~ can be employed at high
lift coefficients with’s greater margin of safety them can a lGW-
celher fan section.

The decrease of CL with tip ~ch,nuinber as shown in figures l~(a)

and 10(b) for fen B is chviously caused by the IfLadetwisting emd
decreasing the angle of attack @cause the fan is operated at a lift
coefficient below the e~perhentally determlned valva

C%l
= 0.8.

The decrease of ~ at high ‘Machnumbers shown ‘forfan B in

figure.lQ(o) is prhwi~ a compresslbilit;~effect au@entcd..%y the
blade twisting in a negative direction %ecausa the center ~f pressure
has moved back at the high Mach numbers. Z’igores10(d) and lf)(e}
give.yesults for both faim phrtly stalled with resulting low .
efficiency. .,

.The power loading of the fans as given in figurs 10 is expressed
in term Gf horsepower per cquare foot. The WXimum values obtained
in these tests ere much below those shown in f@urea 2 and 3 whtch
give theoretical values calculated on a basis of a 45° helix an@.e
and the critical Mach num%er of an isokited.section. For a fan of
which tlw Mach nmber and hel,j.xan@e vary ~eatly “with the radius,
the mimum velues gimn in tj.gures2 and 5 cannot he attxiined. For
an exial-flow compressor, however, of which the Kbxies are short
end made b operate at essentially a ccnstant helix angle and Mach
number, it may be possible to attain a po~r loading approaching
that given in ftgures.2 and 5.

,,. .
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The critical Mach n’-unbersobtained from figure 4 are g?ven in
figixre20. The values of CL ueed for obtaini~ Mcr sre .ixdccn

at ~ = 0.4. Since CL changed with tunnel conditions, the

critical Mach numbers are different. The critical Mach numbers of
both the upper and lower surfaces Qf fan B m?e also in~cated. For
fan B at low lift coefficients a high velocity peak occurs on the
lower–leading-edge surfaoe; thus, a low critical Mach number results,
This localized supersonic region does not seem to have much
sj.gnlflcance. me conclusion is in agreement with the conclusti
in reference 4, which states that the Mach numbers at which large
changes in airfoil characteristics occur are difficult to predict
especially when slm,rppressure peaks exist at the leading edge. In
ffgure 10(b)”no significant changes in the lift coefficient or the
efficiency are seen to occur until the critical speed on the upper
surfaoe has ben exceeded. This drop in efficiency fs probably due
to flow separation caused by shocks as pointed out in reference 7.
These tests indicete that the critiml speed of the upper surface
as calculated ‘bytwo-.timensionaltheory is essentially a limiting
speed for efflctent operation of ducted f=s.

One of the most significant results o.fthe fnvostlgat?.on18
given in figure 9. This figure gives the maxinmrnpower absorbed in
terms of horsepower per square foot for fans A and B as a functj.on
of the lift coefficient C~U at 0.9 radius. The curvo for fan A

represents.the power absorbed as limited by flutter. The maximum
power loading is about 100 horsepower per square foot of blade area

and occurs-at a value of C
%

of’about 0.47.T~Ii~re~~tis~
fair agreement with th’etheory which shows that the maximwm power
loading should occur at CTW1 of about 0.37 for fsn A. Fan B Ud

not flutter at values of C% between 0.5 to 0.85; consequently,

this part of the-curve is shown as a short-dash line. In this
rqe the power,is limited “bytlhemaximum speed of the motor, TM s
maximum power loading for fem B is tiw~ondthe limits of efficient
operation bees.usethe fan is operating In the supercriti.calspeed
region. The flutter points were obta’ned at values of c~ of 0.4,
0.88,and 0.92 and this part of tho m.u?veis shown as a solid line.
The long--dashcurve gives the power loadi~ at the point where the
fan efficiency has dropped to 80 percent. The power loadim~ of

.

.

fan B reaches-a maxi~-value of i50 horsepower-
which is considerably greater tb.enthat reached

The flutter point for fan ?3at ~ = 0.4

per square foot
for fan A.

.

was obtained tith

a six-blade fan; the points at c~
obtained with
loading curve

the
for

fo-blade fen B.
fanB at the htgh

F

= O.~ and
%

= 0.91 were

The steep elope of the powe-
and low lift coefl?icients
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indicates that a fan having hi@-cam%er sections csm be used
-—

successfullY ta absorb a Mga amount OS power over a cer- r~w
of high lift coefficients but that such blades have unclesirable
flutter characteristics at the low ‘liftcoefficients.

The vibration frequanoies end flutter speeds are given in -
table II. The fluttar speeds are calculated by the method of
reference 1 @en the o.8-radius station is usad as tke reference
station. The mexirnm and minimum measured flutter speeds are also
tabulated. The minimum syoeds are those obtained with the blades
ccmq?lete~ stalled.

The maximum flutter speed for fan A is somewhat lass than the ‘
calculated.classical-fluttar speed.‘correctetlfor compressibility.
Fea C!checkn the calculations quite closely. Fan B had some
incipient flutter at a tip Mach nuniberof 0.67 when oyerating with-
the tumnel open. This Mach number comesponds to the approximate
critical Mach number of ths upper blade surface for tunnel-open
condition. As the speed was increased into the swparcrittcal
region, this flutter disappeared,and the blades operated very
smoothly t-cthe toy speed of the gotor which correHponds b a tip
Mach number of CI.86. At these top speeds the blade lost most of
the lift near the tip and, also, twisted in a negative direction.
Although the ducted fan o~rated smoothly in the supercrittcsl
region at speeds above the classical-flutter speed, it bes not
necessarily foll.owthat such will be the case for three-dimensional
bodies.

The last row of table II gives the minimum measured stall-f~titter
tip Mach numibe~divided by the calculated classical-flutt%r tip

Mlti
Mach number — . This number is of particular interest when

% Cal

fsns are considered which may be require~ to oyerata in the
completely stalled condition. No reliable theory is available,
unfortunately, for predicting this minimum flutter speed.,which
varies for di.fferent blade-section shapes, blade plan fomn, blade
mterials, end so forth. At present any design which is intended
to operate in the stalled condition Bhould be
whirl tests.

The results of the
fan motbls to detsrmine

CONCLUSIONS

.mlalyslsand of tests
the effect of flutter

tested by oversyeed

pads of two wina”tuYulel-
speed and critical
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●

Mach numler on the pmrer loading 02 the blade seotions indicated
the followlng remlts:

.-

1. In sp3.t.eof tinefaot--thathigher lift coefficjents result in
lower critical speeds, the power tkat a blade tiectionabsol’bsat
the critiual speed is a maxiuum at the hi@lest lift-moefficlent ‘t.e
blade section can develop. This fact applies to idealized Factious
and to conventional sections operatin~ near the ideal llft.

2. If flutter limits the operating speed, the fan akmrbs the
msximm power when the blade is desigped to operate &t the lift
coefficitintof no twist. ‘Whenthis lift ccefficiant and the
ideal or des~~ lift coefficient are identical, a blade operatin~
close to its ideal lif=thas a maximum Ci-iticd.speed as well as a
maximum flutter speed. An=vfnate@mJ.deviation from the ideal lift
coeffIcient reeul.tsin a greatly reduced mexhmm power losdirug. “

3. The anticipated increas6 of povur loading of the hi@-
ceaiberblade was obtained in t% tests. There was little difference
in the efficfenoy between the Clark Y and the high-cm.her Clark YM
fems, but the hi@ --ember blades devel.eyedSomewhat b!g??ermaxianm
lift coefficients. The him-canter blades, however, ware found to
have very poor flutter characteristics at the low lift coefficients.

b. The fan efficiency decreased rapi~ly after the sonic velocity
on the upper blade surface of the fan sections was exoeeded,

Iangloy Memorial Aeronautical Laboratory
National Ad~lsmy Ccmmittee for Aeronautics

?Angley Field, Va., April 16,1947
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TABLE I.- COEFFZCIENTE AND LOCATION OF CEIWZR OF GRAVIT’Y

FOR AIRFOIL SECTIONS

Airfoil ~%/4 %.$. CI,l cJ%~

StandazzdClark Y -0,085 0 ●44. O.w 0.45
Clsrk YM -*22 1,29 1*16
K4CA 16-103.2 , -,25 :: 1.00 .1.OJ

TABLE 11.- VIBRATION l?RE@ENCIES AND FLUTT@R STW3HE

Items Fan A I l%nB I ?/anc

First bending froquency, cps 74
Second lending frequency, c2r3 :?1~~
First torsion frequency, cps 335
Calculated clas~ical-flutter or
divergence syeed at O.8-rdiue
station, fps 772

Calculated classical.-fluttertip
Mach number, l~~cal 0.85

Calculated classical-flutter “tip
Mach number, ccrrected for .
compressibility

lkximum measured flutixm tip—
Mach nunbey, %ju

Minimum measurad stall-flutter““1
Mf

Cal I

0,76

0.71

0.34

0.40

0.73

(a)

o,)+4

0.50

75
220
287

0.64-

0.66

0.28

0.40

.

%0 flutter up to maxlnum operating epeed of tiF Mach number 0.86,

NATIONAL ADVISORY
COMLTIEE FOR AIXONAUTICS
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Figure 1.- Diagramof velocities and foroes considered in

analysle.
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